In recent years the technique for the continuous cultivation of microorganisms has been adapted for a variety of uses. Gerhart (1946) and Barnes and Dewey (1947) have reported on the advantage of continuous cultivation over conventional methods for obtaining increased yields of bacterial cells, and von Hofsten et al. (1953) have extended the method to the cultivation of fungi.
Continuous cultivation techniques offer several advantages. In some instances, the formation of a given enzyme may be inhibited by a constituent of the growth medium. By employing continuous culture, it is possible to grow large amounts of bacterial cells in a medium containing such low concentrations of the inhibiting constituent that enzyme formation is unaffected (Cohn and Torriani, 1953) . In addition, metabolic products which may block the formation of some enzymes do not accumulate under conditions of continuous growth (Monod, 1950) .
Workers in the field of microbial genetics have also employed continuous culture as a tool in the study of mutation Szilard, 1950, 1951) , while others (Bryson and Szybalski, 1952) have used a modification of the technique as a means of selecting bacterial mutants which are highly resistant to such substances as antibiotics.
Continuous cultivation techniques may also be applicable to the production of bacterial vaccines where the advantage of obtaining large quantities of cells in a relatively short period is obvious. On the other hand, a shift in the bacterial population during continuous growth from one of high protective potency to one of reduced immunogenicity would restrict the usefulness of this method in the large-scale production of organisms for vaccines. It cannot be denied that the opportunity eists for mutation and selection during continuous growth. Therefore a study of the effects of growth in continuous culture on the stability of the virulence and immunogenicity of SalmoneUa typhosa was undertaken.
MATERIALS AND METHODS
Continuous culture apparatus. A diagram of the continuous culture apparatus used in this work is given in figure 1. Several methods of injecting fresh medium into the growth tube have been used by other workers. In the present study, a Brewer automatic pipetting machine proved to be satisfactory, since the amount of medi introduced into the growth tube and the frequency of injection can be easily and accurately controlled with this apparatus. When less than 10 injections per min were required, it was found necessary to activate the pipetting machine by means of an automatic timer.
In pilot experiments, the culture in the growth tube was agitated by bubbling air through it; however this invariably resulted in excessive foaming. This difficulty was eliminated by employing a magnetic stirrer. Clumps of cells tended to accumulate on the sides of the growth tube after several days, but this difficulty was obviated by coating the vessel with silicone.
The component parts of the apparatus were sterilized separately and reassembled under aseptic conditions. This assembly process was greatly simplified by employing male and female "luer-lok" adapters to join the rubber tubing of the components.
Cultures. Two strains of S. typhosa were employed: a mutant of strain Ty2 which did not require tryptophan, and strain V58. Strain Ty2 has been utilized extensively by workers for experimental typhoid studies and for vaccine production. It exhibits maximum virulence for mice, and is agglutinated by anti-Vi but not by anti-O serum. The Panama Carrier strain (V58) is employed by most investigators in the U. S. for vaccine production. It is less virulent for mice than strain Ty2 when administered as an 18-hr When the cells were to be assayed for their mouse protective potency, they were suspended in saline to make a concentration of 24 mg cells per 100 ml. The total nitrogen content of each vaccine was determined on 5-ml aliquots by the micro-Kjeldahl method.
Heat-killed vaccines were prepared from cells of strain V58 by suspending the harvest in saline to make a concentration of 109 cells per ml, and then heating the suspension for 1 hr at 56 C. Phenol was then added to give a final concentration of 0.5 per cent. Finally the total nitrogen content of the vaccine was determined on 5-ml aliquots by the micro-Kjeldahl method.
Mouse protective potency tests. Vaccines prepared from cells grown in the continuous culture apparatus were compared with a standard vaccine consisting of cells cultivated by conventional methods. Groups of mice containing equal numbers of males and females were immunized by single intraperitoneal injections of 0.5 mlvolumes of 5-to 10-fold dilutions of the vaccine. Six days later the mice were challenged. Mice immunized with the acetone-killed and dried organisms were challenged with 100 million celLs of an 18-hr culture of strain Ty2 suspended in saline, while mice receiving the heat-killed phenol-preserved organisms were challenged with one to two thousand cells of an 18-hr culture of strain V58 suspended in 5 per cent hog gastric mucin. These challenge suspensions sufficed to fatally infect at least 85 per cent of the control unvaccinated mice.
The EDso and Standard Error (S.E.) of these protection tests were estimated by the method of Miller and Tainter (1944) .
Bacterial counts. Viable bacterial counts were determined by the usual pour plate technique, averaging the number of colonies on 4 to 6 plates.
Total bacterial counts were determined in a Petroff-Hauser counting chamber with each recorded count representing the average of four separate determinations.
Serological tests. The phenomenon of 0 inagglutinability exhibited by S. typhosa is taken by most workers to be indicative of a high Vi antigen content. Strains not agglutinated by the 0 antiserum are considered to have more Vi antigen than cultures which are agglutinated by 0 antibody.
The ability of strain Ty2 grown in continuous culture to resist agglutination by typhoid 0 antiserum was examined daily. Cells were collected from the apparatus, centrifuged, and resuspended in saline. One-half ml of the suspension was added to 0.5-ml volumes of dilutions of a typhoid 0 antiserum (titer 1: 2560). The tests were incubated for 2 hr at 37 C and then overnight at 4 C before reading.
The same bacterial suspension was also tested for its ability to react with Vi antibody. The identical procedure was employed as described above except that a serum prepared against a Vi-containing strain Paracolobactrum ballerup (Vi titer 1:1280) was used. RESULTS S. typhosa strain Ty2 was grown in continuous culture for 24 days in the basal medium which had been supplemented with an excess of glucose (2 g per L) and a suboptimal amount of ammonium sulfate (52 mg per L). Fresh culture medium was added to the growth tube (volume -320 ml) at a rate of 2 ml per min without any change in the density of the growing culture. With the culture in the "steady state," this is equivalent to 0.53 divisions per hour (Monod, 1950) .
The density in terms of per cent light transmission, the viable count, and the total count from the third to the eighth day of the experiment is shown in figure 2. Although no further counts were done after the eighth day, the turbidity of the culture during the remaining 15 days of the experiment remained constant.
Virulence tests were conducted on the effluent culture of strain Ty2 taken from the growth tube on the third, eighth, and twenty-third day and also on 16-hr agar-grown suspensions of the same strain. The results of these tests are given in table 1. The data show that over the course of the experiment the mice were equally susceptible to typhoid challenge, and that bacteria taken from the apparatus after 23 days of continous growth were as virulent for mice as they were when continuously cultured for only 3 days.
The immunogenicity of acetone-killed and dried vaccines prepared from Ty2 celLs collected after 6 and 24 days of continuous culture was (Henderson et al., 1951 , Landy, 1953 . Nevertheless, heat-killed, phenol-preserved vaccines prepared from S. typhosa strain V58 are widely used for immunization. It was of interest therefore to determine the effect of continuous cultivation on the immunogenicity of strain V58. In these experiments, heat-killed, phenol-preserved preparations of the cell harvest were used as immunizing agents. The bacteria t Numerator denotes number of survivors; denominator denotes total number vaccinated.
were cultured for 7 days in the basal medium containing ammonium sulfate, 1.8 g per L; glucose, 0.65 g per L; tryptophan, 0.2 mg per L; and cystine, 0.2 mg per L. In this medium both amino acids were in suboptimal concentrations. Fresh medium was added to the growth tube (volume 360 ml) at a rate of 1.4 ml per minute with no change in the density of the culture. The density, viable count, and total count of the culture effluent from the growth tube over the course of the experiment are given in figure 3 , while the results comparing the immunogenicity of the vaccine prepared from the effluent cells collected on the seventh day with a standard heat-killed, phenol-preserved vaccine are given in table 4. It is apparent that the vaccine prepared from cells grown in continuous culture equalled and possibly exceeded the standard in mouse protective potency.
DISCUSSION
The studies outlined were designed to determine the effect of continuous cultivation on the virulence and antigenic properties of two widely used and studied strains of S. typhosa. Although directed primarily at determining the suitability of continuous cultivation techniques for the production of acceptable vaccines, the experiments described led to certain findings of more general interest.
In the present instance, the organisms were first grown in a medium deficient in nitrogen, but with an adequate source of glucose. Gladstone (1937) .
These results would appear to differ from the observations of Felix and Pitt (1934) , who found that an 0-inagglutinable strain of S. typhosa was more virulent and immunogenic for mice than another 0-agglutinable culture. However, in the case reported here the same strain was studied both before and after it became 0-agglutinable. Thus, several explanations may be offered. The change which an 0-inagglutinable culture undergoes when it becomes 0-agglutinable may not be accompanied by a decreased content of Vi antigen, or perhaps some factor in the cell other than the Vi antigen is also of importance in determining mouse immunogenicity. Although these may be logical hypotheses, we know of no data to support them. A more likely explanation in our opinion is that in some cases when an 0-inagglutinable culture becomes 0-agglutinable, the accompanying decrease in Vi antigen content may be too small to measure by mouse virulence or protection tests.
It is also interesting to note that the total nitrogen content of the vaccines prepared from organisms grown in continuous culture was lower than those made from cells cultured by conventional methods. Since it was necessary to concentrate the bacteria grown in continuous culture in order to obtain the required vaccine density, the bacteria were centrifuged, and the se nt either acetone-killed and dried or resuspended in saline and heat-killed. Thus a total nitrogen content lower than that of the unwashed standard heat-killed vaccine could have resulted from this "washing" procedure. However, in the case of the acetone-killed and dried vaccines, both the standard and the experimental agents were washed. Thus in this instance at least, washing cannot account for the difference in nitrogen values which were noted. It does seem likely that culturing the bacteria which made up all the experimental vaccines in simple synthetic media could have resulted in immunizing agents of lowered nitrogen content (Virtanen and De Ley, 1948 (Evans and Cockburn, 1951) . It is hoped that work now in progress in this laboratory (Edsall et al., 1954) and in a controlled field trial will determine whether a similar correlation exists with typhoid vaccine. Until further results along these lines are available, however, it would appear that there is no alternative but to continue to employ the mouse protective potency test for assaying typhoid vaccines, and to be guided by the results of such tests in selecting procedures for vaccine preparation.
were of comparable immunogenicity for mice, and both experimental vaccines were of the same order of potency as a standard preparation. However, a measurable change in the culture was observed after the fifteenth day of continuous growth since organisms previously able to resist agglutination by typhoid 0 antiserum became 0-agglutinable. When strain Ty2 was cultured continuously in a medium deficient in glucose, the cells became 0-agglutinable by the eighth day. At this time no loss in mouse virulence or immunogenicity was noted.
The second culture, strain V58, was grown continuously for 7 days. A heat-killed phenolpreserved vaccine was prepared from organisms on the seventh day. This preparation proved to be equal or possibly superior to a standard heatkilled vaccine in mouse protective potency. The significance of these results is discussed.
